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ABSTRACT: Increasing consumer use of engineered nanomaterials has led to signiﬁcantly increased eﬀorts to understand
their potential impact on the environment and living organisms. Currently, no individual technique can provide all the
necessary information such as their size, distribution, and chemistry in complex biological systems. Consequently, there
is a need to develop complementary instrumental imaging approaches that provide enhanced understanding of these
“bio-nano” interactions to overcome the limitations of individual techniques. Here we used a multimodal imaging approach
incorporating dark-ﬁeld light microscopy, high-resolution electron microscopy, and nanoscale secondary ion mass
spectrometry (NanoSIMS). The aim was to gain insight into the bio-nano interactions of surface-functionalized silver
nanoparticles (Ag-NPs) with the green algae Raphidocelis subcapitata, by combining the ﬁdelity, spatial resolution, and
elemental identiﬁcation oﬀered by the three techniques, respectively. Each technique revealed that Ag-NPs interact with
the green algae with a dependence on the size (10 nm vs 60 nm) and surface functionality (tannic acid vs branched
polyethylenimine, bPEI) of the NPs. Dark-ﬁeld light microscopy revealed the presence of strong light scatterers on the
algal cell surface, and SEM imaging conﬁrmed their nanoparticulate nature and localization at nanoscale resolution.
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Nanotechnologythe set of technologies associatedwith engineered materials at the nanometer scalehasrevolutionized many industries. It has seen tremendous
advances over the last few decades and is now used in a diverse
range of products (see examples in the Nanodatabase and the
Project for Emerging Technologies).1,2 These applications
exploit the unique geometric and/or quantum properties
that arise when materials are manufactured at the extremely
small scale referred to as “nanoscale”, such as their high speciﬁc
surface area (SSA) or optical resonances. Importantly, it is now
recognized that, due to their small size and tailored surface
chemistries, engineered nanomaterials (ENMs) may interact in a
distinct manner with living organisms in the environment
compared to their dissolved or macroscopic counterparts.3
However, instrumental techniques capable of elucidating the
interactions of ENMs with living systems (i.e., bio-nano
interactions) in complex biological matrices are often technically
diﬃcult, expensive, and time-consuming to perform.4 This is a
serious research and regulatory challenge given the inevitability
of ENMs being released into the environment as a consequence
of the development and use of ENM-containing products.5,6
One set of instrumental approaches that is eﬀective for
investigating bio-nano interactions is imaging. An image that
directly captures ENM interactions with organisms can con-
tribute crucial information to advance the mechanistic under-
standing of their ecotoxicological impact, for example, by
determining the site of ENM interaction and/or internalization.
There are a number of imaging techniques available that
exploit light or electrons (e.g., transmission imaging, ﬂuorescence
microscopy), surface topography (e.g., scanning probe micros-
copy), or chemistry (e.g., laser ablation ICP-MS), but each have
their strengths and limitations. For example, conventional light
microscopy can often be performed rapidly with minimal sample
preparation, and it is therefore ideal for capturing live systems or
delicate interactions without disruptive treatments. However,
resolution is limited by diﬀraction (for visible light, d ≈ λ/2 ≈
250 nm) so that objects that are less than d apart cannot be
distinguished from one another. This is inadequate to resolve
ENMs, whose sizes, by deﬁnition, are less than 100 nm in at
least one dimension.7 This limitation can be overcome by using
electron microscopy (EM) techniques: both scanning and
transmission electron microscopies (SEM and TEM) are capable
of providing visual identiﬁcation of ENMs at the nanoscale, and
they are the most widely used methods for imaging bio-nano
interactions. Moreover, while EMhas traditionally required ﬁxed,
dry samples, the development of environmental (low-vacuum)
SEM8,9 or cryo-EM10 has enabled high-resolution imaging of
samples under “hydrated” conditions.
However, despite these technological advances, elemental
identiﬁcation at the nanoscale is still challenging. While EM
systems equipped with energy-dispersive X-ray spectrometers
(EDX) oﬀer both visual and elemental identiﬁcation at
sub-micrometer scales, there are limitations in volumetric resolu-
tion. SEM-EDX often suﬀers from large subsurface interaction
volumes (and hence decreased lateral resolution), and while
TEM circumvents this by virtue of thin sections, the depth
resolution is eﬀectively limited by the section thickness.
Synchrotron-based X-ray ﬂuorescence microscopy (XFM)
techniques are now capable of attaining images at single-ENM-
level resolution with chemical information;11,12 however, only
few leading facilities are capable of this performance and
accessibility is limited. Indeed, there is no single independent
technique that can simultaneously provide nanoscale spatial
resolution and nanoscale chemical information without some
loss of sample ﬁdelity. Thus, complementary approaches are
needed that combine techniques with strengths in imaging and
elemental characterization to overcome the individual limitations
and provide a comprehensive understanding of ENM biointer-
actions.
In this study, we address this analytical challenge by employing
a combination of three complementary imaging techniques to
investigate the bio-nano interactions between silver nano-
particles (Ag-NPs) and the algae Raphidocelis subcapitata
(formerly known as Pseudokirchneriella subcapitata and Selenas-
trum capricornutum). Of the thousands of ENMs that have been
identiﬁed in the consumer market, Ag-NPs dominate in terms of
product range and availability and hence are one of the most
likely ENMs to enter the environment.13 Furthermore, ionic
silver (Ag+) is known to be toxic toward a variety of organisms in
aquatic and terrestial enviornments. For this reason, Ag-NPs
have been of particular focus in many studies.14−17 R. subcapitata
is a unicellular, autotrophic algae speciﬁed by the OECD as a
model species in its guidelines for freshwater toxicity testing18
and is therefore an important, widely adoped organism in
environmental nanotoxicology.14,19,20 By using a combination of
light-, electron-, and mass-based microscopies, we demonstrate
an eﬀective approach to visualize and chemically identify Ag-NPs
and their interactions with this model organism.
Speciﬁcally, we identiﬁed Ag-NPs interacting with R. subcapitata
by dark-ﬁeld lightmicroscopy (DF-LM)under aqueous conditions,
localized them with high resolution using SEM and conﬁrmed
the chemical identity by using nanoscale secondary ion mass
spectrometry (NanoSIMS) imaging. Dark-ﬁeld light microscopy,
which captures scattered light from the sample, is ideal for
identifying strongly scattering objects such as Ag-NPs in low-
scattering matrices (e.g., water or cells). Recent developments
have enabled successful identiﬁcation and quantiﬁcation of
diﬀerent ENMs in aqueous dispersions21 and imaging of ENMs’
interaction with single cells22,23 and even with larger model
organisms.24 Importantly, this can be performed under aqueous
conditions with minimal sample preparation, thus maximizing
the ﬁdelity of the potentially delicate interactions. NanoSIMS
is an ion nanoprobe that simultaneously collects multiple
secondary ions generated from the sample surface to create
elemental maps at high lateral resolution (50 nm) and with high
surface speciﬁcity (a few atomic layers).25 Combined with high-
resolution SEM, the NanoSIMS technique has been exploited for
its unrivalled nanoscale chemical sensitivity to analyze metal and
micronutrient (mg/kg concentrations or less) distributions
in, for example, soils and interfaces26−28 and plants,13,29,30 and
NanoSIMS imaging conﬁrmed their chemical identity as Ag, with the majority of signal concentrated at the cell surface.
Furthermore, SEM and NanoSIMS provided evidence of 10 nm bPEI Ag-NP internalization at higher concentrations (40 μg/L),
correlating with the highest toxicity observed from these NPs. This multimodal approach thus demonstrated an eﬀective approach
to complement dose−response studies in nano-(eco)-toxicological investigations.
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has recently been applied to study Ag-NPs’ interactions
with bacteria,31 algae,31,32 and the crustacean Daphnia magna.31
However, since the analysis is performed under ultrahigh vacuum
(10−10 Torr), water must be removed from biological samples,
and these must be appropriately ﬁxed, embedded, and sectioned,
which may alter the sample ﬁdelity. Therefore, DF-LM was
necessary to complete the methodology by conﬁrming the
sample preparation steps had not altered the distribution. Here,
we demonstrate the eﬀectiveness of this three-level multimodal
approach that exploits their complementary strengths in sample
ﬁdelity (DF-LM), high spatial resolution (SEM), and nanoscale
chemistry (NanoSIMS) for visually determining the localization
of NPs in single-cell organisms (Table 1).
RESULTS AND DISCUSSION
Dark-Field Light Microscopy: Eﬀect of Ag-NPs on the
Growth of R. subcapitata. Exposure of R. subcapitata cultures
to Ag-NPs caused size- and surface-dependent responses in the
algae growth rate. For a given surface functionality, the smaller
10 nm Ag-NPs were more toxic than their 60 nm counterparts,
while the positively charged branched polyethylenimine (bPEI)
coating imparted greater toxicity than the negatively charged
tannic acid (TA) coatings (Figure S1). These observations are in
agreement with previously published ﬁndings, where smaller
Ag-NPs and positively charged bPEI-Ag-NPs were consistently
reported to be more toxic based on equivalent Ag mass
concentrations.14,33 The acquired DF-LM images reﬂect this,
with the 10 nm bPEI-Ag-NPs at 40 μg/L exposure concentration
severely aﬀecting the algal cell morphology, so much so that
only a few intact cells were observed. Control samples show a
relatively dark and uniform image of the algal cells, while exposed
cells scatter light more intensely and, as a result, they appear
brighter in the dark-ﬁeld images (Figure 1). Furthermore, the
exposed cells appear to be brighter along the cell walls compared
to the control, and there are multiple point scatterers most likely
associated with Ag-NPs. The hyperspectral proﬁles of these spots
show intense scattering at shorter wavelengths, which is typical of
Ag-NPs (Figure S2).34 However, as this can change in response
to dissolution (i.e., size) and their surface interactions in the host
matrix, the proﬁle alone is not suﬃcient to determine their
identities. For example, the matrix-acquired coatings may have a
diﬀerent refractive index from the original coating or may induce
plasmon resonance shifts to signiﬁcantly alter the dark-ﬁeld
hyperspectral proﬁles. In a recent study, Theóret and Wilkinson
noted the complexity of Ag-NP identiﬁcation in wastewaters and
suggested that the red-shift in the dark-ﬁeld hyperspectral proﬁle
from Ag-NPs exposed to wastewater was due to the adsorption of
organic matter.35 Other transformations such as dissolution36
(size change) or sulﬁdation (no plasmon resonance) of Ag-NPs
would also aﬀect their proﬁles. Finally, even though tomography
can be used to determine attached vs internalized NPs,14,37
the determination of their precise locations (e.g., immediately
inside the cell or outside of the cell wall, on top of or underneath
the cell, or in relation to any of its internal structures) is ultimately
limited in spatial resolution by diﬀraction (ca. 250 nm).
Nevertheless, within these limitations, DF-LM is a fast and
eﬀective technique to screen for potential bio-nano interactions
under environmentally realistic aqueous conditions, as also
demonstrated in other recent studies.14,22 While quantitative
investigations were beyond the scope of this study, the rapid
screening capability of DF-LM can oﬀer such information in a
time-resolved manner that is not practically feasible with SEM or
Table 1. Complementarity of the Dark-Field Light Microscopy (DF-LM), Electron Microscopy (SEM and TEM), and Nanoscale
Secondary Ion Mass Spectrometry (NanoSIMS) at a Glance with Strengths Graded from Low (+) to High (+++)
ﬁdelity resolution chemistry advantages limitations
DF-LM +++ + ++ no/minimal sample preparation; ease of
operation
limited spatial resolution; limited particle identiﬁcation
S/TEM + +++ ++ high spatial resolution (≪10 nm);
commonly available
moderate to complex sample preparation; limited nanoscale chemistry;
vacuum required
NanoSIMS + ++ +++ nanoscale chemistry (≥ 50 nm); high
sensitivity
complex sample preparation; diﬃcult to diﬀerentiate NP from localized
ions; ultrahigh vacuum required
Figure 1. Dark-ﬁeld microscopy images of R. subcapitata exposed to TA- and bPEI-Ag-NPs at 40 μg/L. TA-Ag-NPs do not aﬀect the cell
morphology signiﬁcantly and show brighter scattering along the cell walls beyond that of the controls. bPEI-Ag-NPs-exposed cells show strong
scattering features, but cell shapes are severely aﬀected, particularly for the 10 nmAg-NPs. Examples of point scatterers that most likely represent
Ag-NPs are indicated by arrows. Scale bar = 2 μm.
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NanoSIMS. For example, changes in cell volume and repro-
ductive patterns have been reported recently in cells exposed to
inorganic38,39 and organic39 toxicant, that utilized phase contrast
or diﬀerential interference microscopy combined with epiﬂuo-
rescence microscopy. Similarly, DF-LM could also be combined
with ﬂuorescent microscopy to provide correlative information
regarding the bio-nano interactions that may be linked to
morphological or behavioral changes, if such changes occur, in
their life cycle.
Combined SEM and NanoSIMS Analyses: Control and
AgNO3 Treatments. The SEM images of R. subcapitata in
control (no Ag exposure) and AgNO3 (2 μg Ag
+/L, as dissolved
Ag comparison) showed detailed cell structures with many of the
organelles clearly distinguishable in backscattered electron
(BSE) contrast (Figure 2). The cells also display some secondary
electron (SE) contrast (Figure S3). The cell membranes and the
lipid bodies appear brighter in the images, as do the starch
granules and phosphate bodies. The nucleus is not clearly visible
in this image, but the chloroplasts can be seen throughout the
cells. There are some smaller particle-like features that are
also electron dense that may be part of a metal-sequestering
process.40 Both the control and AgNO3-exposed cells show these
bright particles of varying sizes (ca. 20−100 nm), as indicated by
the arrows in the BSE image of the unexposed algae (Figure 2).
It should be noted here that many of these bright features are
visible under SE contrast, but they do not always correlate to a
positive contrast in BSE mode.
The NanoSIMS data set from R. subcapitata cells exposed to
2 μg/L of AgNO3 can be found in Figure 2, consisting of ﬁve
images from the ﬁve secondary ion detectors 12C14N−, 32S−,
31P12C−, 107Ag−, and 98 Mo16O− distribution, as well as the SE
detector image. The 12C14N− distribution map, commonly used
as an indicator for proteins and/or biomass (cell morphology),
clearly shows that the cells have retained their shape after ﬁxation
and is consistent with the SEM images (Figure S3). Both the
control (Figure S4) and AgNO3-exposed algae show some Ag
signal throughout the cells possibly due to interference from the
95Mo12C− ion. Nevertheless, two key conclusions can be drawn
from this data set regarding Ag analysis: (i) 98Mo16O− signals are
evenly distributed in the cells at very low intensities, and (ii)
107Ag− has some areas of higher intensity but shows no greater
correlation than 98Mo16O− to the cell shape. Importantly, neither
of the maps (107Ag− and 98Mo16O−) show regions of signiﬁcant
high intensity or “hot-spots” inside cells that could otherwise be
attributable to the presence of Ag-NPs.
Combined SEM and NanoSIMS Analyses: Ag-NP
Treatments. Due to their large backscatter yield, Ag-NPs
were expected to appear as bright spots in the BSE images
(due to high Z) and also in SE images, as they may often intro-
duce surface roughness to the sectioned surface. The 10 nm
Ag-NPs were challenging to visualize using the SEM due to their
small size and the minor but not insigniﬁcant charging of the
resin material. The best images were acquired by minimizing the
charging and maximizing surface contrast with low accelerating
voltage (1 kV), using the InLens SE detector equipped in the
GEMINI column, which has a higher collection eﬃciency at
short working distance. Figure 3 shows cross sections of algal
cells exposed to 40 μg/L of 10 nm TA-Ag-NPs imaged at 5 kV
and at 1 kV, using the same InLens detector at a working distance
(WD) of 3.4 mm. The surface structural detail is blurred in the
5 kV image, but bright particles are clearly visible on the algal cell
wall in the 1 kV image. Gaussian curve ﬁtting of the line proﬁles
Figure 2. (Left) SEM images (BSE contrast) of control and AgNO3-exposed R. subcapitata cells, with the organelles in the control exposure
labeled as shown. Arrows indicate bright intracellular particles that were found in all cells including in the control samples. Scale bar = 1 μm.
(Right) NanoSIMS ion images of R. subcapitata exposed to 2 μg/L Ag+ as AgNO3, showing the distributions of
12C14N− (indicative of cell
morphology), 32S− and 31P12C− (for phosphorus), 107Ag− and 98Mo16O− (for molybdenum), and the secondary electron (SE) image. 98Mo16O−
has no mass interference with silver and shows low and uniform distribution in the cells. Similarly the 107Ag− signal is low and uniform with no
regions of signiﬁcantly high Ag accumulation. The width of each NanoSIMS image is 15 μm.
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across nine individual particles conﬁrms their fwhm size as
10.4 ± 1.4 nm, in agreement with the TEM size of the 10 nm
TA-Ag-NPs. In all images of cells exposed to TA-Ag-NPs no
conclusive evidence of Ag-NP internalization was observed.
Identiﬁcation of the larger 60 nm Ag-NPs was unexpectedly
compromised by the bright organelles of similar size within the
cells (as shown in Figure 2), and it was therefore not possible to
identify 60 nm Ag-NPs using BSE without additional chemical
information. SEM-based EDX does not have adequate lateral
resolution due to the large interaction volume; hence the Nano-
SIMS data are crucial to solving this challenge.
The NanoSIMS composite images of 12C14N− and 107Ag− ion
maps from algae exposed to 40 μg/L of Ag-NPs can be found in
Figure 4. Compared to the control (Figure S4) and AgNO3
(Figure 2) treatments, the 107Ag− maps show Ag correlated with
the cells (12C14N−) in a distinctly diﬀerent manner. Both 10 and
60 nm TA-Ag-NPs show a similar mode of interaction with
R. subcapitata, where 107Ag− signals are detected around the
perimeter of the cells deﬁned by the 12C14N− ions for cells 1, 3, 4,
and 5 (10 nm TA-Ag-NPs) and cells 6−8 (60 nm TA-Ag-NPs).
Other than the slight overlap of 107Ag− with the 12C14N− signal
observed in cell 2, there is no Ag detected inside cells. At the
lower Ag-NP dose of 15 μg/L (data not shown), low 107Ag−
signals were detected from algae using NanoSIMS. In these cells,
the algal cells exposed to 10 nm Ag-NPs of both functionalities
show some 107Ag−. It is not easily distinguishable from the
background levels in the control caused by interfering signals.
Similarly, the NanoSIMS images for 60 nm TA-Ag-NPs also
suggest the adsorption of Ag-NPs on the surface of the algal cells.
However, contrary to the 10 nm case, we were unable to identify
60 nm Ag-NPs near the cell walls in the SEM images. There are
several possible explanations. First, it should be noted that only a
few 60 nm TA-Ag-NPs were observed with each algae even
with DF-LM, where the depth of ﬁeld is as much as 0.5 μm
(much more than in SEM). Therefore, from a statistical per-
spective, it is likely that Ag-NPs are not present in the particular
two-dimensional slice imaged with SEM, or there were too few
Ag-NPs in the examined slice to be distinguished from the other
particles in the cell. This is less likely to be an issue with the
10 nm Ag-NPs since the estimated Ag-NPs to algae molar ratio is
in excess of 6000 to 1 as opposed to ca. 75 to 1 for 60 nmAg-NPs.
However, NanoSIMS would also suﬀer from the same issue,
so this is unlikely to be the only factor. The other possibility
is partial dissolution of the NPs associated with the cells.
Considering that the cell walls were brighter in the DF-LM
images even in areas where Ag-NPs were not clearly observed, it
is possible that this elevated scattering is produced by partially
dissolved Ag-NPs associated with the cell membrane which were
too small to be seen individually by SEM but large enough
to increase the light-scattering intensity. Dissolved Ag will be
diﬃcult to visualize in the SEM especially in secondary electron
mode unless Ag has reprecipitated and formed new (nano)-
structures. On the other hand, NanoSIMS will detect Ag
regardless of its initial physicochemical form, provided that there
is 107Ag− generated in the sputtering volume. Such dissolution
processes may be mediated by speciﬁc proteins or carbohydrates
secreted by the cells in response to the presence of Ag-NPs, or it
may have occurred during the sample preparation process for
SEM and NanoSIMS.
In comparison, SEM images of cells exposed to 40 μg/L of
10 nm bPEI-Ag-NPs show bright particulate features that are
inside the cells (Figure S5) that suggest that these NPs were
internalized. The images show the bright NPs localized along the
intracellular membranes. However, the estimated size of the NPs
Figure 3. SE images of R. subcapitata exposed to 40 μg/L of 10 nm TA-Ag-NPs, imaged with (a) 5 kV and (b) 1 kV acceleration voltage (InLens
SE, WD = 3.4 mm). (c) Magniﬁed image of the indicated area in (b) shows the line over which the proﬁle (d) was generated. Red dotted curve
shows the Gaussian proﬁles ﬁtted to the experimental proﬁle (solid black line) with a fwhm of 10.1 and 9.8 nm. The average fwhm width of nine
particles is 10.4 ± 1.4 nm, in agreement with the size of the Ag-NPs.
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is slightly larger than the expected size, with the Gaussian fwhm
of 17.2± 2.2 nm (average of 6 NPs) with some as large as 24.0 nm
fwhm. In support of Ag accumulation, NanoSIMS images showAg
“hot-spots” observed inside some cells (e.g., cells 9−11) and
suggest that the small particles observed in the SEM images may
indeed be Ag-NPs (Figure S5). Only a very weak 107Ag− signal was
detected from cells exposed to 60 nm bPEI-Ag-NPs; however,
the higher signals colocalized with higher 12C14N− (see arrows in
Figure 4d), which also indicates some association with cells.
Interestingly, these SEM images and the 12C14N− map from
NanoSIMS show more intact populations of cells compared to
the DF-LM images (Figure 1), and the 107Ag− distribution is not
as well aligned to the cell structures as were the TA-Ag-NPs.
Furthermore, the 107Ag− signal appears less intense for bPEI-Ag-NPs
compared to the TA-Ag-NPs, suggesting that there is an overall
lower Ag content from the sampling area. This is surprising given
that bPEI-Ag-NPs have a high attachment eﬃciency (α) and aﬃnity
for these cells.14 Similarly, positively charged allylamine coatings
have been associated with strong attachment of gold nanoparticles
to algae.41 One explanation may be their stability in the presence of
exudates: the surface coating can inﬂuence the particle stability and
behavior in the presence of algal exudates, and bPEI has been
observed to be unstable in previous reports.14 It may also be that as
some cells have been severely aﬀected, Ag is associated more with
the lysed cell contents and has not been retained through the
sample preparation procedure. This highlights the importance of
DF-LM in this multimodal approach, as a means to bring awareness
to the potential eﬀects of rigorous preparative treatments.
The images collectively demonstrate distinct interactions
between R. subcapitata and Ag-NPs of both negative (TA) and
positive (bPEI) surface functionalities. The type and extent of
these interactions appear to be dependent on the particle size and
surface functionality as expected from their diﬀerent toxicity
levels. For 10 nm TA-Ag-NPs, the images acquired from DF-LM
(Figure 1), high-resolution SEM (Figure 3), and NanoSIMS
(Figure 4) analyses collectively provide convincing evidence for
the accumulation of Ag-NPs on the cell wall. The accumulation
of Ag in the cell wall of algae has been reported previously for
Chlamydomonas reinhardtii with PVP-Ag-NPs,32 and a similar
observation was made with Euglena gracilis, where the Ag-NPs
were sorbed to the pellicle (no cell wall).42
Interestingly, Wang et al.32 observed Ag inside the cytoplasm
as sulfur-containing particles after uptake of the dissolved Ag+
into the cells, in addition to PVP-Ag-NPs accumulation in the
periplasmic space. Similarly, accumulation of dissolved Ag and
crystallization into 10 nm Ag-NPs have also been reported
previously.43 While our NanoSIMS data do not necessary
correlate Ag with areas of high sulfur, the particles in the SEM
correspond in size to the reported deposits in Ag-exposed
C. reinhardtii and can be seen located along the intracellular
membranes (Figure S4). These observations support our SEM
and NanoSIMS data that suggest Ag presence in algae exposed to
10 nm bPEI-Ag-NPs with accumulation beyond the periplasmic
space. On the other hand, we did not observe conclusive
evidence for Ag inside the cytoplasm with TA-Ag-NPs (10 and
60 nm), whether in NP or dissolved form, indicating that there
may be a surface functionality dependence to their internal-
ization. This agrees in principle with observations made by
Malysheva et al.,14 who suggested that internalized Ag was a
strong indicator of Ag-NP toxicity, which in turn was dependent
on the surface functionality due to a combination of factors
including attachment to the cell. It should also be noted that
Wang et al. used considerably diﬀerent conditions, including a
much higher concentration of 2000 μg/L compared to 40 μg/L
Ag and a longer exposure time (24 vs 48 h), so TA-Ag-NPs may
also accumulate Ag inside algae under diﬀerent conditions.
Finally, this study highlights the challenges associated with
investigating three-dimensional problems with two-dimensional
instrumental techniques. The fact that these images are either
(a) images of reduced dimension due to relatively large depth of
ﬁeld or (b) thin sections (the section may not contain NPs) of a
larger three-dimensional body makes the task of distinguishing
extracellular vs intracellular NPs challenging. One way to enable
this diﬀerentiation is by tomographic methods, either by com-
putationally reconstructing a series of projections acquired over a
range of angles, by making a 3D stack from a series of thin sections,
or by sequential imaging of sputtered surfaces by NanoSIMS. This
has been demonstrated with various methods such as DF-LM,37
soft X-ray microscopy,44 TEM,45 and focused ion beams (FIBs), as
well as with NanoSIMS,46 and combining the appropriate 2D
technique with a 3D tomographic approach will provide further
insight into bio-nano interactions. Coherent anti-Stokes Raman
spectroscopy (CARS) imaging can also oﬀer nondestructive
analysis.19 Super-resolution microscopy is a promising develop-
ment for these applications too, with resolution that can surpass the
traditional limits and has been appliedmore recently to nanoparticle-
containing systems.47While it is yet to be fully explored for bio-nano
interactions, if combined with confocal imaging, this could oﬀer
a powerful alternative to in vacuo methods, since this can be
performed under hydrated, atmospheric conditions.
CONCLUSIONS
We have demonstrated a complementary multimodal method-
ology for analyzing Ag-NPs interactions with the green algae
Figure 4. 12C14N− (red) and 107Ag− (green) NanoSIMS composite
images of R. subcapitata exposed to Ag-NPs of (a) 10 nm tannic acid
(TA)-Ag-NPs, (b) 60 nm TA-Ag-NPs, (c) 10 nm polyethyleimine
(bPEI)-Ag-NPs, and (d) 60 nm bPEI-Ag-NPs. Bright Ag fringes are
particularly evident in TA-Ag-NPs exposed cells, while some Ag is
also detected from inside the cells with 10 nm bPEI-Ag-NPs (cells 10
and 11). Scale bar indicates 5 μm.
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R. subcapitata. The combination of optical, electron, and mass
spectrometric imaging provides a powerful approach to examine
the fate and associations of ENMs in biological systems,
overcoming the individual limitations posed by each technique
taken in isolation. The three techniques provide diﬀerent levels
of detail in the bio-nano interactions and together clearly
revealed that the majority of the Ag-NPs or their dissolution
products were localized around the algal cell walls. At the same
time, SEM andNanoSIMS images of algal cells exposed to 10 nm
bPEI-Ag-NPs suggested localized “hot-spots” for Ag or that some
Ag-NPs entered and deposited inside the cells beyond the
periplasmic space. The successful application of the method-
ology in future studies will enable advances in understanding
Ag-NP−algae interactions and, more broadly, of bio-nano
interactions using this combination of micro- and nanoscopic
imaging techniques.
MATERIALS AND METHODS
Algal Culture and Exposure to Silver Nanoparticles.
Raphidocelis subcapitata stock culture was purchased from SAG Culture
Collection in Goettingen (Germany), strain 61.81, and kept as a
continuous culture on site. Working cultures were subcultured from this
stock and grown in standard OECD test medium.18 They were grown in
250 mL suspension culture ﬂasks (Greiner Bio-One, Stonehouse, UK)
in a controlled-temperature room (22 °C) under continuous ﬂuorescent
lighting (Agrobrite T12 ﬂuorescence growth tubes, 54 W, 6400 K) and
stirred at 80 rpm on an orbital shaker. The cell density was measured
using a ﬂow cytometer (BD Accuri C6, BD Biosciences). The cultures
were conditioned for more than a week in the medium prior to exposing
them to Ag-NPs.
Biopure silver nanoparticles were purchased from nanoComposix
(San Diego, CA, USA) with two oppositely charged surface coatings:
negatively charged tannic acid and positively charged branched-
polyethylenimine. Both types of Ag-NPs were purchased with two
core sizes, 10 and 60 nm, and were fully characterized by the manu-
facturer. All Ag-NPs were also recharacterized prior to the experiments
using dynamic light scattering (DLS, Nicomp 380 ZLS, Particle Sizing
Systems) and SEM (Quanta 450 FEG-ESEM, FEI Company) as
described previously,48 and a summary of the major results is shown
in Table 2.
R. subcapitata was allowed to grow for 48 h prior to being exposed to
Ag-NPs during the midexponential phase of the growth proﬁle and at a
population greater than 3 × 105 cells/mL. Exposure was delayed in
comparison to the OECD protocol18 in order to ensure that algal
population remained suﬃciently high after Ag-NPs were introduced
(preliminary tests showed that the cell population was too low for
the subsequent ﬁxation and imaging processes to be practical if the
OECD protocol was strictly followed). The cultures (100 mL for each
exposure) were exposed to Ag-NPs at two concentrations (15 and
40 μg/L) where algae−NP interactions were expected, and the same Ag
concentrations were employed for the two types of Ag-NPs so that
where diﬀerences in their interactions were observed it may be directly
attributable to the surface functionality. After 24 h of exposure, the
cultures were separated from the media by centrifugation in 2 × 50 mL
tubes (3660g, 20 min) and resuspended in 0.5 mL of fresh medium.
Aliquots were taken at the start of the exposure period and were
immediately acidiﬁed to 2% HNO3 (v/v) for analysis by ICP-MS
(Agilent 8800 Triple Quadrupole ICP-MS). As the measured concen-
trations were only slightly diﬀerent from the nominal concentrations,
they are referred to as 15 and 40 μg/L exposures for simplicity (Table 2).
Additionally, as a comparison, cells were exposed to an EC50
concentration of 2 μg/L Ag+ ions in the form of AgNO3.
Sample Preparation for Electron Microscopy and NanoSIMS
Analyses. The collected samples were chemically ﬁxed using a mixture
of 2% paraformaldehyde, 2.5% glutaraldehyde, and 0.1% tannic acid
powder in a sodium cocodylate buﬀer (0.1 M), using a microwave-
assisted method. The cells were stained with 1% OsO4 and with 2%
uranyl acetate in order to give SEM contrast and rinsed with ultrapure
water. The ﬁxed cells were dehydrated incrementally with acetone
(5 min each of six steps: 70, 80, 90, and 3× 100% acetone) prior to
stepwise inﬁltration of Spurr’s resin in acetone at 1:3, 1:1, and 3:1 ratios
for 15 min each. Finally, 100% resin was inﬁltrated and incubated for
3× 15 min on a rocker and subsequently polymerized at 100 °C.
Sections of 0.5 μmwere sliced using a Reichert Ultracut Emicrotome for
both SEM and NanoSIMS analysis. The sections were placed on a water
droplet on a Si wafer and dried ﬂat on a hot plate at 60 °C.
SEM and NanoSIMS Imaging. SEM images of the ﬁxed algae were
acquired on two instruments: (1) a Carl Zeiss NVision 40 FIB with a
ﬁeld emission (FE) SEM (Gemini column) and (2) a Carl Zeiss Merlin
FE SEM with a Gemini II column operating in high-resolution mode
(Carl Zeiss, Oberkochen). Images were obtained using the in-column
secondary electron (“InLens”) and energy selective backscatter (ESB)
detectors. The system was operated with accelerating voltages between
1 and 5 keV (primarily at 2 keV as per established protocol)49 and
a short working distance (WD, 3−7 mm) to maximize resolution
(smaller divergence) and detector eﬃciency (closer to the detector).
SEM images were acquired directly from the sections: at these low
voltages, sample charging was minimal for the majority of the samples
even without the application of a conductive coating.
Nanoscale SIMS images were acquired with a NanoSIMS 50 ion
microprobe (CAMECA, Gennevilliers, France) using the Cs+ primary
ion source operated at 16 keV. For NanoSIMS analysis, the samples
were coated with 10 nm of platinum (Pt) to prevent charging. Prior to
imaging, the region of interest was repeatedly scanned using a high-
current ion beam to remove the Pt coating and implant Cs+ ions to reach
steady state and thereby improve secondary ion generation from the area.
The implanted dose was 1 × 1017 Cs+ ions/cm2. The samples were
imaged with the 300 μm aperture and a current of 1.4−2 pA with a dwell
time of 60 ms. The NanoSIMS 50 is equipped with a magnetic sector
analyzer with ﬁve secondary ion detectors. The ﬁrst four detectors
were positioned to collect 12C14N− (for carbon), 32S− and 31P12C−
(for phosphorus), and 107Ag− ions. The ﬁfth detector was varied
between 98 Mo16O−, 107Ag16O−, and 107Ag32S− depending on which
signal was required: despite the high mass resolution (M/ΔM ≈ 5000)
of the NanoSIMS instrument, the 107Ag− ion (|m/z| = 106.9051) could
not be resolved from the 95Mo12C− ion (|m/z| = 106.9058), and similarly
109Ag− vs 97 Mo12C−. Thus, 98Mo16O− (m/z = 114) was used in the case
of dissolved Ag exposure (AgNO3) to image its distribution inde-
pendently of Ag, as a means to cross-examine whether any Mo
accumulation could be observed and whether it correlated to that of Ag.
Secondary electrons are also generated during the sputtering process
and were collected from the same region of interest to showmorphology
and topography. All images were processed using the OpenMIMS
plugin (Harvard, Cambridge, MA, USA) within the ImageJ software and
are presented on an arbitrary linear scale with blue indicating regions of
low intensity, while red indicates regions of high intensity.
Table 2. Size (by TEM, SEM, and DLS), ζ-Potential (ζ-V), and the Concentrations of Ag-NPs Used for Exposure to R. subcapitata
TEMa (nm) SEM (nm) DLS (nm) ζ-V (mV) low (μg/L) high (μg/L)
TA-Ag-NPs, 10 nm 10.0 ± 1.8 12.4 ± 0.7 −22.1 14.4 37.8
TA-Ag-NPs, 60 nm 60.8 ± 6.6 49.7 ± 7.7 56.3 ± 1.0 −33.1 16.4 39.5
bPEI-Ag-NPs, 10 nm 8.8 ± 2.2 15.8 ± 2.3 +20.6 14.7 41.6
bPEI-Ag-NPs, 60 nm 60.8 ± 6.6 55.8 ± 7.1 76.8 ± 2.4 +34.4 17.4 46.4
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Dark-Field Light Microscopy and Hyperspectral Imaging.
Algal cultures for dark-ﬁeld imaging were grown separately from a stock
culture of R. subcapitata at the University of South Australia (acquired
from the Australian National Algae Culture Collection), but with equiv-
alent exposure (40 μg/L nominal) and under OECD testing conditions.
After exposure to Ag-NPs, R. subcapitata were collected by ﬁltration
onto 0.8 μm pore polycarbonate ﬁlters to remove all noninteracting
Ag-NPs and were resuspended in fresh OECD media for imaging by
enhanced dark-ﬁeld light microscopy. Drops of the suspensions were
then placed on microscope slides and examined under a coverslip with
the Cytoviva enhanced dark-ﬁeld microscope with 60× oil immersion
objective. Samples without ﬁltration were also analyzed for comparison,
and while the background was slightly brighter with some NPs visible,
there were no signiﬁcant diﬀerences in the algae and the NP interactions
did not appear to be aﬀected. Hyperspectral data (400−1000 nm) were
collected from selected cells that had particularly bright areas of
scattering, and the data were extracted using MATLAB.
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